ABSTRACT: Thermodynamic parameters describing the phage 434 Cro protein have been determined by calorimetry and, independently, by far-UV circular dichroism (CD) measurements of isothermal urea denaturations and thermal denaturations at fixed urea concentrations. These equilibrium unfolding transitions are adequately described by the two-state model. The far-UV CD denaturation data yield average temperature-independent values of 0.99 ( 0.10 kcal mol -1 M -1 for m and 0.98 ( 0.05 kcal mol -1 K -1 for ∆C p,U , the heat capacity change accompanying unfolding. Calorimetric data yield a temperatureindependent ∆C p,U of 0.95 ( 0.30 kcal mol -1 K -1 or a temperature-dependent value of 1.00 ( 0.10 kcal mol -1 K -1 at 25°C. ∆C p,U and m determined for 434 Cro are in accord with values predicted using known empirical correlations with structure. The free energy of unfolding is pH-dependent, and the protein is completely unfolded at pH 2.0 and 25°C as judged by calorimetry or CD. The stability of 434 Cro is lower than those observed for the structurally similar N-terminal domain of the repressor of phage 434 (R1-69) or of phage λ (λ 6-85 ), but is close to the value reported for the putative monomeric λ Cro. Since a protein's structural stability is important in determining its intracellular stability and turnover, the stability of Cro relative to the repressor could be a key component of the regulatory circuit controlling the levels and, consequently, the functions of the two proteins in vivo.
An understanding of the physical interactions underlying the structure, folding, and function of a protein requires a complete thermodynamic description of its conformational stability. Such a description relies on quantitative analyses of thermally or chemically induced folding-unfolding transitions (monitored by calorimetry or spectroscopically), followed by a data extrapolation to given conditions of temperature, pH, etc. To extrapolate thermal denaturation data, the change in heat capacity (∆C p,U ) and its temperature dependence must be known. These are best determined by calorimetry, although other methods have also been developed. Extrapolation of data from chemical denaturation (e.g., urea and guanidine hydrochloride) is based either on the linear free energy model (LEM) 1 found to be valid for a number of proteins (1, 2) or on the denaturant-protein binding model (DBM) (3, 4) . Combined analyses of chemical and thermal denaturation data which assume a temperatureindependent ∆C p,U and the thermodynamic equivalence of thermally and chemically denatured states have been reported for various proteins (2, (5) (6) (7) (8) (9) (10) (11) (12) .
The conformational stability and the principal thermodynamic parameters (∆G U , ∆H U , ∆S U , T m , and ∆C p,U ) which describe the folding transitions of bacteriophage 434 Cro protein are examined here. In vivo, Cro and the repressor proteins regulate the switch between phage lysis and lysogeny by sequence-specific DNA binding (13) . 434 Cro has several properties that are desirable for physical studies of thermodynamic stability and of structure-stability correlations. It is a small (71-residue) single-domain protein with no disulfides or prosthetic groups that is highly soluble and monomeric in aqueous solutions and whose three-dimensional crystal (14) and solution structures (15) are known. Its single domain consists of five R-helices whose folding topology resembles remarkably those observed for the 69-residue N-terminal domain of phage 434 repressor (R1-69), and for the 85 residues of the N-terminal domain of phage λ repressor (14) (15) (16) (17) , and so they constitute a family of proteins that are suitable for comparitive studies of folding, stability, and specific DNA binding. A reversible two-state folding behavior involving only native and unfolded states without any intermediate conformations is observed for 434 Cro under equilibrium conditions (15) , and has been reported for λ (residues 6-85 of the λ repressor N-terminal domain; 9, 18) and R1-69 (19) . The available thermodynamic parameters that define the folding of λ and R1-69 are compared with those determined for 434 Cro in this study, and their possible implications on the folding and the biological roles of these proteins are discussed.
MATERIALS AND METHODS

Preparation of Protein
A plasmid containing the gene for 434 Cro under the control of a tac promoter (pRW74) was initially used to overexpress and purify the protein as reported previously (15) . To enhance the protein yield, the gene was recloned into the T7 promoter-based pET11b expression system (20) . A PCR-amplified fragment containing the 434 Cro gene with its initiator ATG codon forming the end of an NdeI restriction site and the TAA stop codon followed by a BamHI site was generated using the plasmid pRW74 as a template, purified (Promega Wizard kit), and then cloned into the NdeI and BamHI sites of the plasmid pET11b. The construct was verified by DNA sequencing (DNA sequencing facility of CIB-Madrid). To express the 434 Cro protein, Escherichia coli strain BL21(DE3) was transformed with the plasmid, grown to late logarithmic phase, and then induced with 0.4 mM isopropyl -D-thiogalactoside for 5 h at 37°C or overnight at 25°C. The cells were then harvested and lysed, and the protein was purified by ion-exchange and reversephase HPLC as before (15) . The protein purity was verified in a 15% SDS-PAGE gel with Coomasie blue staining and by HPLC in a Vydac-C 4 reverse-phase column. The absorbance at 280 nm was used to determine protein concentration using an 280 of 6970 M -1 cm -1 in 6 M guanidinium hydrochloride (ultrapure from ICN Biomedicals) or 6370 M -1 cm -1 under native conditions (determined as described in refs 21 and 22) .
CD Measurements
CD measurements were performed in a Jasco J720 spectropolarimeter equipped with a Neslab temperature control circulating water-bath unit. Thermal and urea unfolding transitions were monitored by the far-UV CD signal at 222 nm using protein concentrations of 10-20 µM and in the presence of 100 mM KCl, 25 mM KH 2 PO 4 , and 1 mM DTT and at pH 6.0. The solution pH measured at room temperature was used without further corrections for temperature effects. Each unfolding experiment was carried out two or more times, and the data were combined and then analyzed. CD spectra were collected using a 1 or 2 mm path length cuvette at a rate of 20 nm/min, a bandwidth of 1 nm, and a 2-4 s response time and averaged over six scans. Thermal unfolding curves were obtained using a heating rate of 20°C/h. The cuvette temperature was calibrated using an external thermocouple thermometer. To minimize the amount of protein used and also the errors associated with preparing individual samples, urea denaturations were carried out by serial addition to the protein of sample small aliquots of a concentrated stock solution of urea (ultrapure from ICN Biomedicals) prepared using the protocol described by Pace et al. (23) . After each addition of urea, the cuvette capped with a Teflon stopper was inverted repeatedly to ensure complete mixing and then allowed to reach thermal and chemical equilibrium in the CD instrument for at least 5 min before data were recorded. Under the experimental conditions that were used, the unfolding transitions are reversible as verified by the temperature scan obtained for a sample coinciding with a second scan for the same sample cooled immediately after the first scan, and from the mean residue ellipticity at 222 nm, [Θ] ), of a sample at a given urea concentration being the same irrespective of whether the sample at a given urea concentration was prepared by the addition of urea or by diluting the sample with a high level of urea. The equilibrium was achieved rapidly as seen by the rapid recovery of the initial CD signal on cooling for thermal transitions and the CD signal being unchanged on equilibrating a sample after addition of urea for a few minutes or overnight.
Calorimetry
Differential scanning calorimetry (DSC) and isothermal titration calorimetry (ITC) data were obtained in a MicroCal VP-DSC calorimeter and in an ITC unit of the Microcal System (MicroCal Inc.). Samples for calorimetry were prepared by dissolving the lyophilized protein in the desired buffer followed by filtering and dialyzing overnight against the same buffer. The buffers that were used contained 100 mM KCl and 20 or 25 mM sodium glycine or acetate or phosphate depending upon the desired pH (pH 2.0, 2.65, 3.0, 4.0, 4.5, and 6.0). No corrections were made for temperature effects on pH. Samples were saturated with nitrogen to minimize oxidation of the single Cys present in 434 Cro which can lead to oligomerization and the consequent irreversible transitions. In DSC measurements, the samples were routinely heated to 375 K using scan rates of 60 or 90 K/h, cooled slowly in the calorimeter, and reheated to check the reversibility of folding. The sample volumes in DSC experiments were 0.52 mL with protein concentrations of around 100-200 µM. A molecular mass, M r , of 8060 Da and a partial specific volume of 0.753 mL/g (15) were used in transforming calorimetric data to temperature-dependent partial molar heat capacities and were then subjected to single-and multiple-fitting procedures based on the equations described elsewhere (24-26) using SigmaPlot 4.0 software (Jandel). ITC data were acquired at 15 and 25°C, the cell volume being 1.348 mL. Three injections each of 30 µL of a 0.427 mM protein solution in 5 mM potassium acetate (pH 5.0) (buffer A) were made into the calorimetric cell containing buffer B (20 mM phosphate) or buffer C (20 mM glycine) at pH 2.0, the final protein concentration being 27 µM. In separate control experiments, the same three pulses of 30 µL of buffer A without protein were injected into the cell filled with buffer B or C to determine the heats of mixing for the buffers alone: -160 and 300 µcal for buffer B and C, respectively, mixing with buffer A. These were subtracted from the heats of protein transfer to pH 2.0 and then corrected for the heats of ionization (27) to determine the unfolding enthalpy. The pHs of the mixture measured at the end of the experiment were 2.0 and 2.2 for the phosphate and glycine buffers, respectively.
Data Analysis
Analysis of Far-UV CD Denaturation Data. Far-UV CD thermal and urea denaturation data were analyzed using the two-state model for the native (N) to denatured (U) equilibrium (N S U) with an apparent equilibrium constant
. f U and f N are the fractions of denatured and native protein, respectively, at a given temperature or urea concentration (f U + f N ) 1). The free energy of unfolding at temperature T (in kelvin), ∆G U (T) ()-RT ln K U , R being the universal gas constant), and the observed CD signal, θ, are related as follows (see refs 7-12 and 15): where θ N and θ U are the signals for the fully native and fully unfolded states, respectively ("baselines"), and correspond to the pre-and post-transition zone plateau regions. They are usually described as linear functions of temperature (t in degrees Celsius) and urea concentration, [Ur] (7): where θ 0 are the intercepts and a 0 and b 0 values the temperature-and urea-dependent terms, respectively.
The urea dependence of ∆G U in isothermal urea denaturations described by the linear extrapolation model (LEM) (1, 2, 28) is The free energy of unfolding at T and zero urea ∆G U (T,0) ) mC m , where C m is the urea concentration at the midpoint of the folding transition where
The denaturant binding model (DBM) (3, 4) for isothermal urea denaturation yields where ∆n is the change in the number of urea binding sites upon unfolding, k the binding affinity of protein for urea, and a the molar activity of urea. k, a, and urea activity coefficients used in this study are from Makhadatze and Privalov (4) or from their data fitted to temperature-and urea concentration-dependent polynomials (as in ref 10) .
The temperature dependences of ∆G U (T,[Ur]), the enthalpy (∆H m ′), and the entropy (∆S U ′) can be expressed as (29) where T m ′ is the temperature (in kelvin) at the midpoint of the folding transition where ∆G U ) 0, ∆H m ′ the enthalpy at T m ′, and ∆C p,U ′ the heat capacity increment assumed to be independent of temperature (the primes indicate values in the presence of urea). This ∆C p,U ′ can be extracted from combined thermal and urea denaturation data using different procedures that assume a two-state unfolding transition (5-12) or from calorimetry (see below). Data for each equilibrium unfolding experiment were obtained at least in duplicate, combined, and then fit to the appropriate equations listed above using Kaleidagraph (Synergy Software, PCS Inc.) or Sigmaplot for Windows (Jandel) software. The errors listed are those reported by these fitting algorithms.
Additional thermodynamic parameters, T h where ∆H U ) 0, T s where ∆S U ) 0 and where the protein has maximum stability, and T m c , the transition temperature for cold denaturation, can be obtained using the following expressions (29, 30) :
Analysis of Calorimetry Data. DSC curves were fit to equations that could be applied to the two-state transition model. Two different approaches were used to define ∆H U and ∆S U : (a) in terms of ∆H m and T m (eqs 5-7, [Ur] ) 0) as described in detail elsewhere (24) (25) (26) 31) or (b) in terms of T h and T s (eqs 8-10) as described below. Both approaches were used for individual or multiple-curve fitting under the assumption that ∆C p,U is temperature-dependent since, from a consideration of the calorimetric curves, it is clear that C p,N -(T) and C p,U (T) have different slopes so that ∆C p,U is not constant but decreases with temperature in the transition temperature range. For simplicity, C p,N (T) and C p,U (T) were assumed to be linear functions of temperature in most fittings.
where a and b are constants and T r is any selected reference temperature. Thus, when T r ) T h , the following may be derived (25) :
For each DSC curve, instead of the usual six adjustable parameters, ∆H m , T m , ∆a U , ∆b U , ∆a N , and ∆b N (24, 25) , six others corresponding to T h , T s , ∆a U,h , ∆b U,h , a N,h , and b N,h are used in the fittings. Using T s and T h instead of ∆H m and T m is more appropriate for 434 Cro since for some solvent conditions ∆G U (T m ) * 0 but is negative at all temperatures (∆G U < 0 and f N < 0.5 for pH <3.0). The T h /T s fitting procedure was used in the simultaneous fitting of the averaged melting curves measured for pH 2.65, 3.0, 3.5, 3.75, 4.0, 4.5, and 5 assuming that b N , ∆C p,U , and T h were the
same for all the data sets, while a N,h and T s were adjusted for each curve (making a N,h adjustable allows the curve positions along the C p axis to be aligned). Thus, for the set of seven different curves, we have 17 adjustable parameters (3 + 7 × 2). It is known that at least C p,U can be a nonlinear function of temperature (32, 40) . So the curves for pH >3.5 were subjected to fittings where C p,U and C p,N were assumed to have quadratic temperature dependences to check if nonlinear baselines improve the quality of the fit. For simplicity, the coefficient for the quadratic term is assumed to be the same for both C p,U and C p,N so that the heat capacity increment, ∆C p,U , is again defined by eq 12. Thus, The ITC data were corrected for the heats of dilution and further analyzed using the following equations:
where ∆H i,prot , ∆H i,phos , and ∆H i,gly are the heats accompanying proton transfer to protein, phosphate, and glycine buffers, respectively. ∆h are the heats of ionization for the phosphate and glycine COOH groups with the lowest pK values (from ref 27) which together with the experimentally determined ∆∆H tot provide values for p, the number of protons transferred to protein from buffer at pH 2 (phosphate or glycine). These p values and the average heat effect per proton in 434 Cro ()0.57 kcal mol -1 , estimated from the number of acidic groups in the protein, four Glu, one Asp, and one C-terminal carboxyl, and the reported heats of ionization for these groups; 27) provide values for ∆H i,prot .
RESULTS
All the data accumulated thus far for 434 Cro, NMR, farand near-UV CD and the intrinsic Trp fluorescence spectra, its monomeric nature over a wide concentration range (up to millimolar levels), and the coincident equilibrium unfolding curves obtained using different spectroscopic probes, are consistent with two-state folding (15) . When monitored by the strong far-UV CD signal at 222 nm characteristic of the helices (as in 434 Cro), thermal and urea denaturation curves at pH 6.0 and the protein concentrations that were used are reversible and equilibrate rapidly between the folded and unfolded forms. Isothermal urea denaturation curves were obtained at five different constant temperatures from 5 to 25°C. Thermal denaturations were carried out in the presence of different fixed concentrations of urea ranging from 0 to 3 M (maximum temperatures of 75-85°C) and from 6 to 7 M (maximum temperature of 50°C). Sample exposure to high temperatures was kept short to minimize any protein modification by urea decomposition products and consequent irreversibility (7).
Isothermal Urea Denaturations by Far-UV CD.
The experimental data and model fittings for urea denaturation curves at constant temperatures of 5, 15, and 25°C plotted as the fraction of the folded protein are shown in panels A (LEM) and B (DBM) of Figure 1 . The data set obtained at a given temperature was individually subjected to a sixparameter nonlinear least-squares fitting, four of which describe the native and unfolded baselines. The remaining two parameters are m and C m or m and ∆G U (T,0) for LEM (eq 4a), and ∆n and ∆G U (T,0) for DBM (eq 4b). In the latter, values for k, the intrinsic protein-urea binding constant, and a, the activity of urea, were separately assigned as described in Materials and Methods (note that k decreases and the urea activity increases with temperature; 4). Table 1 lists the bestfit values obtained using the two models. m values are, within error, independent of temperature over the examined range, the average being 0.99 ( 0.09 kcal mol -1 M -1 . C m values which are more accurately determined appear to have some temperature dependence, while ∆G U (T,0) values, the zerourea value at temperatures between 5 and 25°C, range within the error of the measurement. As for some other small proteins (7, 10) , the change in the number of denaturant binding sites, ∆n, is small and relatively invariant with temperature between 5 and 25°C with a mean value of 35 (T,0) from DBM and LEM differ by about 0.5 to 0.8 kcal mol -1 , as observed for some other proteins (5, 10, 26) . Figure 2 illustrates the effects of urea on thermostability; as the fixed urea concentration increases, high-temperature unfolding (heat denaturation) occurs at lower temperatures, and low-temperature unfolding (cold denaturation) is apparent by 3 M urea. Using different procedures (7), these CD thermal denaturation data were analyzed to determine ∆C p,U which is assumed to be temperature-independent (even though it does vary at least to a small extent with temperature; 5, 29), once the folded and unfolded baselines were defined as discussed below.
Thermal Denaturations in Fixed Urea Concentrations by Far-UV CD.
The lower line in Figure 2A corresponding to the fully folded protein baseline was generated as follows. In 0 M urea, the CD data in the pretransition region (5-20°C) are a function of temperature alone, and a linear fit provides the intercept and temperature coefficient. These were combined with the pretransition (5-20°C) CD data obtained in the presence of <2 M urea to evaluate the coefficient for the urea-dependent term. Thus, the native baseline (eq 2) is given by the equation
Here θ N is in units of deg cm 2 dmol -1 at 222 nm, t in degrees Celsius, and [Ur] in molar. This expression was used for all the thermal denaturation curves obtained at fixed urea concentrations, including those at 2.5 and 3 M urea where the protein is not completely folded at any temperature and the pretransition baselines are not defined. The urea-dependent term in eq 2 (or eq 3) essentially offsets the baselines by a constant amount in the thermal denaturation curves, and is small relative to the native baseline intercept value for 0-3 M urea. The CD signal at 222 nm arises principally from helical conformations and from studies with isolated helical peptides (33) , and the temperature dependence (in degrees Celsius) of [Θ] 222 for a 100% helical peptide of chain length N r is given by (-44000 + 250t)(1 -3/N r ). This expression can be used to determine [Θ] 222 for each helix in 434 Cro using as the helical length N r as determined in the three-dimensional structure (14, 15) . If it is further assumed [as done previously (12) ] that the observed [Θ] 222 for the whole protein is a weighted sum of the [Θ] 222 for each helix, the weight being the ratio of the number of residues in that helix to the total number in the protein, and then the temperature dependence would be predicted to be (-16700 + 95t) for 434 Cro as compared to the experimental folded baseline at 0 M urea obtained above.
The upper baseline for the unfolded protein was generated using the approach described in other reports (8, 34) . CD data for the thermal transitions in the presence of 2.5 or 3 M urea in the post-transition region (where it is defined over a sufficiently wide temperature range) and those obtained for the fully unfolded protein at g6 M urea (not shown) when fit individually as linear functions of temperature yielded essentially the same slope whose mean value is -24.41 deg cm 2 dmol -1 K -1 with a standard deviation of 2.04 deg cm 2 dmol
. These fits are therefore parallel to one another, with a constant offset corresponding to the urea-dependent contribution in eq 3. The latter was subsumed by individually fitting the post-transition region for each thermal denaturation curve (including those for zero or low urea where this region is not defined over a sufficiently wide temperature range) as a linear function of temperature whose coefficient is set Estimates for Cm, m, and ∆GU(T,0) in the first three rows were determined using the linear extrapolation model (LEM), while k, ∆n, and ∆GU(T,0) in the bottom three rows were determined using the denaturant binding model (DBM). ∆GU(T,0) is the value at 0 M urea, and ∆n is the nearest integral value (see the text). ( Figure 3A ). This value is approximate because the analysis assumes that ∆H m ′ is constant over the narrow temperature range (even though it is temperature-dependent and ∆C p,U ′ * 0), and since urea binding to protein has an enthalpic contribution which increases with urea and is opposite in sign from the unfolding enthalpy (4), ∆H m ′ can differ from the true unfolding enthalpy. In the procedure described by Chen and Schellman (34), a single thermal unfolding curve exhibiting both heat and cold denaturation (e.g., in 3 M urea) is fit to the equation ln
]/R and C being equal to -∆C p,U ′/R (7, 34) . This fitting for the 3 M urea thermal denaturation data ( Figure 3B ) yields two T m ′ values for the hot and cold denaturation transitions (29.70 ( 0.11 and -3.57 ( 0.34°C, respectively) as long as the initial guesses for T m ′ chosen in the fitting were above 60°C or below -40°C
, with both fittings yielding the same temperatureindependent ∆C p,U ′ of 1.00 ( 0.02 kcal mol
. Following the method of Pace and Laurents (5), ∆G U (T,0) was determined over the entire transition region (0.05 e f N e 0.95) of the thermal denaturation curve obtained in the absence of urea (indicated by dropping the primes from the thermodynamic parameters) and combined with the lowertemperature ∆G U (T,0) determined in isothermal urea denaturations, and then the entire set was fit to eq 5 with ∆H m , T m , and ∆C p,U as variable parameters. Figure 3C shows the data using either LEM or DBM values for the lowertemperature ∆G U (T,0) values ( Figure 1 and Table 1 ) and the respective fits generated using different initial guesses for T m as discussed above. ∆G U ) 0 at the two distinct temperatures (see Table 2 ): T m which corresponds to heat Figure 3C ). The sensitivity of such fits to the lowtemperature values of ∆G U (T,0) and its errors, as well as the importance of determining ∆G U (T,0) at the lowest possible temperatures, has been emphasized in earlier reports (5, 29) . This was done to the extent possible in this study.
The procedure described above was extended to analysis of thermal denaturation data at lower urea concentrations (0-2 M) with LEM ∆G U ′(T) values included as the lowtemperature points since these appear to be closer to those estimated independently by calorimetry (see below). In the presence of 2.5 and 3 M urea, cold denaturation could be observed over the entire low-temperature range employed, and so LEM ∆G U ′(T) values were not included in the analysis. Figure 3D shows the experimental data for each urea concentration and the individual best fits [the corresponding stability curves (5, 29) ] to eq 5 using initial guesses for T m ′ as described earlier. The best fit parameter values are listed in Table 2 and show that in the range of 1-3 M urea ∆C p,U ′ values are very similar to, though somewhat greater than, those in 0 M urea. For the range of 0-3 M urea, the average temperature-independent value for ∆C p,U ′ is 0.98 ( 0.05 kcal mol
. This ∆C p,U ′, T m , and ∆H m in 0 M urea (Table 2 ) and eqs 8-10 yield a T h of 9.5°C, where ∆H ) 0 and T s ) 12.8°C where ∆S ) 0 and the temperature of maximum protein stability calculated is 3.2 kcal mol -1 .
Thermal Unfolding of 434 Cro As Determined by Differential Scanning Calorimetry.
A straightforward analysis of DSC data requires the transitions to be reversible, typically verified by checking for superimposable DSC curves obtained in sequential scans for the same sample cooled in the calorimetric cells after each run. The DSC curves were reversible at all pH values that were studied, except at pH 6.0 where they are irreversible at the protein concentrations that were used (around 100 µM), as reported previously (15) . This was the case even when the samples were saturated with nitrogen to minimize oxidation of the single Cys in 434 Cro and any consequent intermolecular disulfide bond formation.
Lowering the pH to improve reversibility is frequently accompanied by broadening of the DSC transitions and lowering of T m (19, (24) (25) (26) (36) (37) (38) (39) . This was also seen with 434 Cro (Figure 4A ). Decreasing the pH below 5 destabilizes the native protein, and at pH 2.0, the heat absorbance peaks completely disappear from the melting curve. Consistent with this, the CD spectrum and [Θ] 222 characteristic of native 434 Cro at pH 6.0 and 25°C persist up to pH 4.0; [Θ] 222 is slightly lower at pH 3.0, while at pH 2.0, the characteristic helical CD signals are absent (data not shown) and the spectrum resembles that of thermally denatured 434 Cro (15) . The pH 2.0 heat capacity curve is, in fact, typical for unfolded proteins; its shape closely matches that calculated from the protein's amino acid content (32) , although the latter values are about 10% greater at each temperature. Such a discrepancy, also reported for other proteins, is probably the consequence of assuming that the unfolded protein is completely random in structure with all its constituent amino acids optimally hydrated and with no neighboring group interference as in the small model compounds.
The heat capacity of the native protein, C p,N , increases with temperature, while that for the unfolded state, C p,U , shows almost no such dependence ( Figure 4A ). The simplest approach to DSC data analysis is based on linear approximations for the temperature dependences of both C p,N and C p,U and consequently ∆C p,U . This works well for curves with a T m of >40°C, since the nonlinearity of C p,U is known to be noticeable only below this temperature (32, 40) . Therefore, the linear approximation of ∆C p,U was used throughout this study for both individual and multiple-DSC curve fitting. Some of the DSC curves for 434 Cro are broad and exhibit clear heat capacity changes below 40°C. So we also checked if a nonlinear approximation of the baselines could alter the curve fittings. For this, the quadratic term coefficient ()0.93 × 10 -4 kcal K -3 mol -1 ) was determined using a secondorder regression through the curve obtained at pH 2. A nonlinear temperature dependence was also assumed for C p,N since that for C p,U has been attributed to the temperature dependences of the heat capacities of hydrophilic groups exposed to water (32, 40) .
The algorithms based on the C p curve fitting (without previous separation of the excess heat capacity, C p,exc ) give for each curve a unique ∆H m value that is equal to the calorimetric and van't Hoff heat effects. A separate determination of the calorimetric and van't Hoff enthalpies cannot be reliably achieved for small proteins such as 434 Cro, because of their broad transitions and, hence, small unfolding enthalpies (24, 25) . Instead, two-state behavior was inferred from the quality of the fits of the DSC data to the two-state model. Another problem arises from the baseline uncertainty caused by low structure stability and a not so insignificant population of the unfolded species at any temperature. In fact, the entire set of experimental data presented in Figure  4A can be adequately analyzed only by a multiple-curve fitting where the baselines are assumed to be the same for all curves in the set. Figure 4B shows the result of such a fitting with the common best fit baselines using the T h /T s equations (eqs 13-16) for four of the DSC curves. Table 3 lists the unfolding parameters determined using linear and quadratic baselines in single-and multiple-curve fitting of the DSC data. The corresponding ∆H m versus T m plot is shown in Figure 5 . The DSC experiments reveal a sharp drop in protein stability in the acidic pH range. Such effects are typically entropic (electrostatic) in origin. Small heat effects that might accompany unfolding in the acidic pH range as a result of proton transfer are nearly fully offset by the approximate equivalence of the ionization enthalpies of the buffers and the protein acidic groups (19, 30, 41, 42 (5, 10, 26) . The small size and the relatively low stability of 434 Cro allow reliable determination of ∆H m over only a narrow temperature range. This decreases the quality of the regression analysis and increases the magnitudes of the errors associated with ∆C p,U and ∆G U . To overcome this problem, the unfolding heat effect at lower temperatures was obtained from pH-induced unfolding monitored by ITC. The multiplecurve fitting of DSC data, in addition, directly yields T h which can serve as a reliable reference for the lowtemperature range. Inclusion of these additional data in the ∆H m versus T m plot clearly helped to improve the quality of the linear regression analysis.
As seen from Table 3 , introducing nonlinear baselines causes only slight changes in the single-curve best fit parameters. This suggests that deviations of the baselines from linearity are not great, and/or that ∆H m rather than C p is the most important parameter in defining the shape and height of any particular C p peak. The linear regression 25°C (see the text) .
b Fitting of these DSC data using ∆Hm/Tm equations not possible because the population of the native state is e0.5 at any temperature. c Tm estimated from the irreversible DSC curve.
d Extrapolated value using eq 22. through all data points in Figure 5 (shown by the dashed line in this figure) corresponds to the following equation:
This corresponds to a constant ∆C p,U of 0.95 ( 0.03 kcal mol -1 K -1 . Multiple-curve fitting based on the linear approximation of heat capacities yields the following equations from eqs 12 and 13 (when T r ) T h ):
Equation 22 (not to be confused with a second-order regression through the data depicted in Figure 5 ) approximates very well the ∆H m versus T m data. According to eq 21, ∆C p,U varies from 1.28 to 0.14 kcal K -1 mol -1 for the temperature range of 0-100°C. At pH 6.0, where the DSC transition is irreversible, a fairly precise T m of 57.2 ( 0.5°C can nevertheless be estimated. This yields a ∆H U of 45.5 kcal mol -1 (eq 22) or 47.2 kcal mol -1 (eq 20). From eqs 13, 14, and 21, ∆G U (25°C) is 3.23 ( 0.2 kcal mol -1 , or using the constant ∆C p,U value given above, it is 3.07 kcal mol -1 .
The pH dependence of T m ( Figure 6 ) can be used to estimate ∆ν, the number of protons associated with protein unfolding (29, 41) .
where ν U and ν N are the number of protons bound to the denatured and native states, respectively. ∆ν is estimated using the data in Table 3 and the slope at each pH determined from the derivative of a minimal-order polynomial which adequately fits all the data depicted in Figure 6 . There is essentially no proton exchanging upon unfolding at pH 5 where the slope is nearly zero. The number of protons exchanging is about 1 at pH 4, and around 1.5 at pH 3.25 (maximum observed slope). The slope appears to increase above pH 5.0, but the lack of additional data above this pH hampers any conclusive analysis of this region.
DISCUSSION
Structural Stability of 434 Cro. 434 Cro exhibits unfolding thermodynamics typical for a number of other small, globular proteins (5-12, 19, 24-26, 36-39 ). Its thermal stabilities as characterized by its T m values agree for both far-UV CD and calorimetric thermal transition data, while the thermodynamic stability described by the free energy of unfolding, ∆G U , is modest even at pH 6.0. ∆G U (25°C) in 0 M urea from urea denaturation data analyzed with the denaturant binding model (DBM) is higher than with the linear extrapolation model (LEM) [as reported for some other proteins (5, 10) ]. ∆G U from the multiple fitting of the DSC data lies between those from DBM and LEM. Overall, these ∆G U values compare favorably with estimates from hydrogen exchange studies of the slowest exchanging amide protons (15) . The experimental m values match well the predictions based on correlations with the change in solvent-accessible surface area upon unfolding (43) or from data for other helical peptides and proteins (44) as noted earlier (15) .
The thermodynamic stability at any temperature can be determined using eq 5 once ∆H m , T m , and ∆C p,U are known. These have been determined for 434 Cro in this study using calorimetry and, independently, by analyzing chemical and thermal denaturation data using different reported procedures. Far-UV CD thermal denaturation data in conjunction with urea denaturation LEM and DBM ∆G U values yield temperature-independent ∆C p,U values of 0.91 ( 0.05 and 0.71 ( 0.03 kcal mol -1 K -1 , respectively, in the absence of urea, while ∆C p,U values determined in the presence of 1-3 M urea are essentially identical to one another and slightly higher than in 0 M urea. Increases in ∆C p,U with urea concentration are small for some proteins such as ribonuclease A and hen egg white lysozyme (4), but are significantly greater for barnase (45) . ∆C p,U calculated directly from the multiple fitting of DSC curves is temperature-dependent as has been observed in calorimetric studies of a number of other proteins. The constant temperature-independent ∆C p,U estimated from the linear slope of a plot of ∆H m versus T m (both obtained from DSC data) almost coincides with that from the far-UV CD thermal urea denaturation, and so the two yield essentially identical ∆G U (25°C) values. ∆G U (25°C ) determined directly from the multiple-DSC curve fitting is somewhat higher. The level of correspondence between the far-UV CD chemical and thermal denaturation and calorimetric data is quite good given the assumptions and/ or extrapolations involved in either determination as is clear from Table 4 which lists, for comparison, ∆C p,U values determined for a number of other small proteins using the two independent methods. On a per residue basis, ∆C p,U values for 434 Cro are about 14 cal mol -1 K -1 (far-UV CD thermal and LEM data), 12 cal mol -1 K -1 (far-UV CD thermal and DBM data), and 14 cal mol -1 K -1 (from the Table 3 . Since for the curve at pH 3.0 T s coincides with T h , these two correspond to T m . The minimal-order polynomial used which adequately fits all the data on the graph is T m ) -366 + 421.8(pH) -86.4(pH) 2 + 5.9(pH) 3 . The derivative of this polynomial and the data from Table 3 were used to estimate the number of protons exchanged upon unfolding as defined in eq 23.
)(dT m /dpH) (23) calorimetric value at 25°C), which are values similar to those reported for a number of other globular proteins (Table 4 ; see also refs 10, 43, and 50) . The experimental ∆C p,U determined for 434 Cro lies in the range of 0.90-1.60 kcal mol -1 K -1 predicted for this protein (15) using known empirical correlations that link ∆C p,U to the solvent accessible surface areas in the native and unfolded structures (43, 51, 52) . Discrepancies among these predictions and with experimental values can be as much as 25% (43) . The reasons for these discrepancies though not entirely clear (12, 26) have been attributed to differences in accessible surface area calculations used in deriving the empirical correlations (43) . The stability of 434 Cro decreases with acid pH with a net uptake of about one to two protons at pH <4. This must be due to one or two groups which in the native state are shielded from solvent and thereby from protonation, but which upon unfolding in acid pH take up protons (29) . These groups must therefore have low pK a s in the native state relative to those in the denatured state and probably involve one of the four Glu or the single Asp present in 434 Cro (there are no histidines). In model compounds, pK a s for Glu cluster around 4.5 and 4 for Asp (53) . Shielding of these acidic groups from solvent could occur by the formation of buried salt bridges. Indeed, such a salt bridge is present in native 434 Cro between Glu37 and Arg12, both of which have low solvent accessibilities [the other acidic residues are significantly more exposed to solvent (14, 15) ]. The consequent lowering of the pK of Glu37 could account for the essentially complete unfolding by pH 2.0. ). 434 Cro and the N-terminal domains of 434 (R1-69) and λ repressor (λ ) are remarkably similar in structure. Their sequences are also considerably similar to those of 434 Cro and R1-69, in particular, exhibiting almost 50% sequence identity. Table 5 lists the parameters describing their thermodynamic stabilities. For 434 Cro, parameters obtained in this study using chemical and thermal denaturation as well as calorimetry are listed. Those listed for R1-69 are from calorimetry (19) and for λ 6-85 from chemical denaturation data (9) , since these, to our knowledge, are the only ones available [the λ repressor N-terminal fragment (residues 1-92) has been studied calorimetrically but tends to dimerize at high concentrations; see ref 54] . ∆C p,U values for 434 Cro and R1-69 are closer to one another, not surprising given their near-identical structures and the correlation of ∆C p,U with structure (42-44, 51, 52) ; the five helices in both proteins are equally long, and the backbone conformations of their structurally well-defined regions are almost exactly superimposable (15, 16) . Relative to those for 434 Cro and R1-69, ∆C p,U for λ 6-85 is larger, possibly due to its larger size (80 residues vs 71 for 434 Cro and 69 for R1-69), the longer lengths of helices 1 and 4 of its five helices [by three and two residues, respectively, compared to those in 434 Cro and in R1-69 (16)], and the consequent structural variations.
Comparison of the Stabilities of 434 Cro with the NTerminal Domains of 434 (R1-69) and λ Repressor (λ
T m for R1-69 is considerably higher than for λ or for 434 Cro, the latter also having the lowest ∆H m . For several small proteins, it has been observed that a high T m does not necessarily imply an unusally high stability, i.e., large ∆G U values, but stems as a direct thermodynamic consequence from these proteins typically having small ∆C p,U and ∆H m values (7, 10, 29, 36, 50) . The thermodynamic stabilities of 434 Cro, R1-69, and λ 6-85 lie within the range observed for such small globular proteins. The maximum ∆G U estimated assuming a constant ∆C p,U is lowest for 434 Cro and highest for R1-69 ( . (g), (p), and (u) indicate data from GdnHCl, pH, and urea denaturation, respectively, combined with thermal denaturation. c The first reference corresponds to calorimetry and the second to chemical and thermal denaturation. (19) . c Chemical denaturation data at pH 8.0, 100 mM KCl, 25 mM KH2PO4, and 99% D2O (9). (9) ]. This is striking given the high degrees of sequence and structural similarity between 434 Cro and R1-69. Amino acid substitutions that enhance intrinsic helix stabilities have been shown to stabilize λ (55) . Intrinsic helix stabilities in 434 Cro are low, but are predicted to be even lower for R1-69 (56), indicating that this may not be the basis for the higher stability of R1-69. Tertiary and packing interactions are more important determinants of protein stability. Sauer and co-workers have shown elegantly that the stability of the dimeric Arc repressor protein (another helix-turnhelix DNA-binding protein) is enhanced when buried salt bridge-forming residues are replaced with nonpolar residues that are compatible with steric and hydrogen-bonding requirements in the tertiary structure (57) . This suggests that buried salt bridges could lower a protein's stability. 434 Cro does have a buried salt bridge (Arg12-Glu37) as mentioned earlier which may account for its lower stability. Although this salt bridge in 434 Cro does not have its counterpart in the more stable λ (16) or its variants (56) , it is present in R1-69 (16, 17) . The reasons for the higher stability of R1-69 relative to 434 Cro (or to λ ) probably lie elsewhere and remain to be established.
434 Cro, R1-69, and λ are monomeric even at the high concentrations used for crystallographic and NMR studies (15) (16) (17) (18) . Unlike 434 Cro which is the entire protein, R1-69 and λ 6-85 constitute a specific single domain, the N-terminal domain, of the larger dimeric repressor. The stability of the domain in the context of the whole protein could thus be different relative to that in isolation because of cooperative effects from the rest of the molecule and in the dimer. Both R1-69 and residues 1-92 of the λ repressor can be generated by limited proteolysis using a relatively nonspecific protease, papain (16, 54) , suggesting these are independent structural units in the intact protein. Intact λ repressor has two distinct thermal transitions, one of which corresponds to that seen with the isolated N-terminal domain indicating that the latter is an autonomously folded unit with a stability similar to that of this domain in the intact protein (54) . In dimeric constructs linking the flexible C-terminal tails of two R1-69 units or the C-terminal tail of one unit to the N-terminus of the other, the folding and stability of each R1-69 unit were found to be independent (19) . Thus, the structural stabilities observed for isolated R1-69 and λ 6-85 very likely carry over into the intact repressor, where they continue to be higher than that for 434 Cro.
A higher structural stability of a protein aids in its resistance to degradation by proteolysis and is, therefore, an important determinant of its in vivo stability and, thereby, concentration (58) . Intracellular protein degradation and turnover is, of course, a complex process, and various other factors including the nature of the N-and C-terminal amino acids and sequences, intracellular salt and osmolyte concentrations, DNA binding, and the intricate cellular protein degradation machinery all come into play in modulating protein concentrations in vivo (10, 53, 58) . We have observed that expression levels for R1-69 are greater than for 434 Cro in the same overexpression system and E. coli strain, consistent with R1-69 being more stable than 434 Cro in vivo (unpublished observation). In the case of phage λ, the stabilities of a putative folded monomeric form of its Cro protein and variants including a stable engineered monomer were recently reported (59) . It was suggested that this folded monomeric λ Cro is sufficiently stable to be substantially populated relative to the dimer under conditions used for the formation of DNA-bound complexes in contrast to earlier studies where only stable dimers or unstructured monomers of λ Cro were presumed to exist (59) . Furthermore, monomeric λ Cro was proposed to exist in vivo at substantial levels and its degradation linked to maintaining its concentrations within certain thresholds (59) . The reported stability of the monomeric λ Cro is significantly lower than that of the λ repressor N-terminal domain, and is close to or lower than that of 434 Cro. The lower structural stability of the Cro protein relative to the N-terminal domain of the repressor (and possibly the intact repressor) observed in phages 434 and λ may therefore constitute a general and important role in regulating the relative intracellular concentrations of this protein pair and in fine-tuning the lysis versus lysogeny decision in the life cycle of the phage. ACKNOWLEDGMENT S.P. is indebted to Dr. S. Subbiah (Wistar Institute, University of Pennsylvania, Philadelphia, PA) for recommending 434 Cro as a model system and to him and the laboratory of Professor Steve Harrison (Harvard University, Cambridge, MA) for the gift of plasmids. We are grateful to Professors F. J. Murillo and F. Solano (Universidad de Murcia) and to Professor G. Giménez-Gallego and the Protein Chemisty division of CIB-Madrid for generous access to space and instrumental facilities and to Apolo Gómez and Christina López for technical assistance.
